Bright emitters with photoluminescence in the spectral region of 800 -1600 nm are increasingly important as optical reporters for molecular imaging, sensing, and telecommunication and as active components in electrooptical and photovoltaic devices.
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Introduction
Fundamental advances in biochemical assays, molecular sensors, optical imaging, telecommunication, and optical, electroluminescent, and photovoltaic devices require bright and stable fluorophores. 1-7 A straightforward measure for fluorophore performance presents the photoluminescence quantum yield (Φ f ), 8, 9 given by the number of emitted photons N em per number of photons N abs absorbed by the system, see equation 1. [9] [10] [11] For fluorescent nanomaterials like semiconductor nanocrystals (NC), i.e., quantum dots and rods, 8 and for upconversion nanocrystals (NCs), 12, 13 where surface states and the accessibility of emissive states by quenchers largely control accomplishable Φ f values, 14- 18 the value of Φ f provides also a straightforward tool to assess the quality of the surface shell and surface passivation and hence, to evaluate new synthetic and surface functionalization strategies. 19 Moreover, concentration-dependent Φ f give a direct hint for ligand desorption as recently shown for e.g., CdTe and CdSe quantum dots, 14, 15, [20] [21] [22] which is typically the first step to material decomposition, resulting in the release of toxic heavy metal ions. Φ f can be obtained directly with optical methods either relative to a fluorescent reference with known Φ f or as absolute quantity (standard-free), 9, 11, 24, 25 or with calorimetric methods like photoacoustic spectroscopy and thermal lensing. [26] [27] [28] Commonly, Φ f is obtained optically, comparing the absorption-weighted integral fluorescence intensities of a sample and a reference measured under identical conditions. 9, 11, 24 Due to the need of standards with reliably known Φ f , this straightforward procedure is limited predominantly to the ultraviolet (UV), visible (vis) and NIR region, where Φ f standards have been recommended for many years 9, 24, 25, [27] [28] [29] [30] [31] [32] or recently provided by us. 9, 25 This included the reevaluation of Φ f of IR125 in dimethylsulfoxide (DMSO), the most frequently used NIR reference dye for organic fluorophores and semiconductor NCs, [33] [34] [35] [36] [37] yielding a Φ f of 0.23 9 instead of the previously assumed Φ f of 0.13, 38 and consequently, an underestimation of all Φ f values obtained relatively to this dye. Nevertheless, the accurate determination of Φ f > 1000 nm still presents a considerable challenge as indicated by the recently reexamined Φ f of the most frequently used IR Φ f reference dye IR26, [39] [40] [41] [42] demonstrating large deviations in its Φ f in 1,2-dichloroethane (DCE) by a factor of up to 10. [43] [44] [45] 
Methods

Reagents and materials
The Φ f standards HITCI (batch number 029006) and IR 125 (batch number 10970) used for relative measurements, and IR 140 (batch number 9310) were obtained from Lambda Physics, the spectral emission standard Itrybe from Otava (batch number OTVD_0037), and IR 26 from Acros (batch number 409401000), respectively. The chemical structures are given in the SI ( Figure 1S ). The solvents used for the spectroscopic studies, i.e., ethanol for Itrybe and HITCI, dimethylsulfoxide (DMSO) for IR125 and IR140, 1,2-dichloroethane (DCE) for IR26, and tetrachloroethylene (TCE) for PbS, respectively, were of spectroscopic grade and purchased from Sigma Aldrich and Merck. For Cd 1-
x Hg x Te, deuterated water (D 2 O) from Merck was employed.
Synthesis of semiconductor NCs
Cd 1-x Hg x Te of different composition and size were synthesized in water as previously described using mercaptopropionic acid (MPA) as ligand 42 and stored in the dark in air.
Differently sized PbS colloids were prepared according to Poppe et al. 58 under inert gas, purified, and stored as stock solutions in toluene either in a glove box or under inert gas atmosphere or in air in the dark in the refrigerator.
Characterization
Dye purity was determined by high performance liquid chromatography (HPLC) with the Agilent 1200 HPLC system (Agilent) using a previously reported method 25 The size of the PbS NCs was obtained from absorption spectra to 2.3 nm, 4.1 nm, and 4.4
nm, respectively, as described by Catemartiri et al. 59 The size and composition of the Cd 1- gas. In this case, TCE dilution was performed in a glove box and sealed cells were used for subsequent spectroscopic measurements. All fluorescence emission spectra shown were blank-corrected and corrected for instrument-specific effects relative to the spectral photon radiance scale. 46, 60, 61 Relative standard deviations of fluorescence measurements were obtained from four independent measurements. Spectra correction such as a reabsorption correction 9, 24, 25 and solvent absorption correction are detailed in the SI.
Results and Discussion
Design of an integrating sphere setup for the NIR and IR
The design of our integrating sphere setup for absolute Φ f measurements from 600 -1600 nm with versatile excitation, reasonable spectral resolution, and high sensitivity is shown in Figure 1 (for more details on setup components, see SI). To optimize the sensitivity of the setup, which should enable not only the determination of the moderate to high Φ f of semiconductor NC exceeding 0.1, yet also of organic dyes with emission > 1000 nm like IR26 with very small Φ f < 5×10 -3 , 43 we chose a small integrating sphere (diameter of ca. 11 cm) with a high reflectivity hydrophobic Spectralon coating (99 % from 400 -1500 nm) as sample compartment, thereby minimizing water adsorption from air. This sphere, which is large enough to minimize distortions of the radiating field in the sphere by the sample, was equipped with six ports for sample illumination, positioning of the sample holder, emission detection, and purging with dry nitrogen to remove water vapor absorbing at around 950 nm, 1130 nm, and 1450 nm (see SI, Figure 7S ). This 
Setup characterization
We subsequently determined the wavelength accuracy of the excitation and detection channel(s), the linearity of the detection channel, and the wavelength-dependent spectral responsivity of the integrating sphere-spectrograph-CCD ensemble (s(λ em )) 46 . The wavelength accuracy of the emission monochromator revealed maximum deviations < 1.1 nm (see SI, Figure 3S ). Relative deviations from a linear behavior of the InGaAs CCD measured at a constant integration time for varying excitation radiant powers amounted to 0.3 % (see SI, Figure 4S ) and for a constant radiant power and varying integration times to 0.5 %, respectively. To reduce calibration uncertainties in s(λ em ) caused by stray light and second order effects and account for the lack of suitable emission standards > 950 nm, we employed two calibration lamps, a conventional spectral radiance transfer standard (SDS) 63 with an emission maximum at 1050 nm and a blackbody radiator (BBR) with a temperature-controlled spectral radiance, with an emission maximum at 1970 nm (for T = 1200 °C). An example for an emission correction curve (equaling 1/s(λ em ))
derived from the combination of these measurements (see SI, Figure 6S ) is shown in nm. We previously provided an uncertainty budget for Φ f measurements in the wavelength region of 400 -1000 nm. 9, 24, 25 <Insert Table 1 <Insert Figure 3 here>
We determined the Φ f of IR26 in DCE (see Table 1 (Table 1) . We estimated the relative uncertainty of this value to 30 % (2.1×10 -4 ) taking into account uncertainties from instrument calibration (emission correction from instrument manufacturer, two point self-made excitation correction, Φ f uncertainty of the reference dye IR125), dye reabsorption and solvent absorption and the relative standard deviation of fluorescence measurements. Dye purity was not considered in both cases.
We attribute our finding of a higher Φ f for IR26 as the value of 0.48×10 -3 reported by Semonin et al. 43 to different calibration and correction procedures. Nevertheless, our value still equals the absolute upper limit of Φ f of this dye assumed by Semonin. In addition, the fact that we could measure Φ f absolutely at concentrations of 0.7×10 favoring luminescence quenching, remains to be shown for a larger set of samples. by e.g., Tang et al. 74 and Hardman et al. 75 in conjunction with a focusing of the NC size distribution, indicated by the narrowing of the absorption and emission bands, that is possibly accompanied by a shape transition. Such a shape transition was observed e.g., by
Aging studies and
Hines et al.. 33 The astonishing luminescence enhancement in air for our PbS NCs and size regime, contradicting other studies of photobrightening and photodarkening of PbS NCs where irreversible oxidation-induced luminescence quenching was observed, 76 suggests a passivation of surface defects by this surface oxidation. In addition, the efficiency of the "intrinsic" nonradiative interband recombination caused by the increase in bandgap in oxidized, i.e., smaller PbS NC, could be also reduced. These size-dependent differences in photochemical behavior seem to correlate with the size-dependent aging of these colloids, providing a further hint for a different surface chemistry of our three PbS NCs. nm, 43 or a 405 nm laser, 78 respectively, with no information provided on excitation radiant powers employed. There are only very few reports of integrating sphere setups for measurements > 1000 nm using a fiber coupled xenon lamp-monochromator ensemble as less intense excitation light source. 79 Hence, measurement condition-and materialspecific photo-induced changes in fluorescence intensity as found by us for PbS NCs could principally also affect other literature data, especially in the case of potentially oxygen-and light-sensitive lead chalcogenides.
Conclusions and Outlook
In summary, we presented the design of a new integrating sphere setup for spectrally resolved measurements of absolute photoluminescence quantum yields (Φ f ) of barely to moderately emissive organic dyes to highly emissive semiconductor NCs in the wavelength region of 600 -1600 nm and addressed common instrument-and materialrelated challenges for fluorescence measurements in the NIR and IR and solutions. We demonstrated the reliability of our measurements by comparing the corrected emission spectra and relatively and absolutely determined Φ f of several organic dyes, MPA-capped This similarly triggers the need for broadly available and well characterized quantum yield standards also for this wavelength region. 
